A micro-porous hollow fibre membrane contactor (HFMC) operated in sweep-gas mode has been studied to enable the recovery of dissolved methane from water in concentrated form. At high sweep-gas flow rates, up to 97% dissolved methane removal efficiency is achievable which is sufficient to achieve carbon neutrality (around 88%). An increase in methane composition of the recovered sweep-gas was achievable through two primary mechanisms: (i) an increase in liquid velocity which improved dissolved methane mass transfer into the gas phase; and (ii) a reduction in gas flow which lowered dilution from the receiving gas phase. It was posited that further refinement of the methane content was provided through counter-diffusion of the nitrogen sweep-gas into the liquid phase. Within the boundary conditions studied, the methane composition of the recovered gas phase exceeded the threshold for use in microturbines for electricity production. However, reducing the gas-to-liquid ratio to enhance gas phase methane purity introduced gas-phase controlled mass transfer which constrained removal efficiency. Whilst this reduction in removal efficiency can be compensated for by extending path length (i.e. more than one module in series), it is suggested that the gas-phase controlled conditions encountered were also a product of poor shell-side dispersion rather than an approach toward the limiting theoretical gasto-liquid ratio. This implies that further optimisation can be ascertained through improved membrane contactor design. Importantly, this study demonstrates that micro-porous hollow fibre membrane contactors provide a compact process for recovery of dissolved methane in sufficient concentration for re-use.
Introduction
Methane (CH 4 ) generated from engineered anaerobic environments, such as landfills or anaerobic wastewater treatment systems, can be used in combustion for the production of electricity. However, the effluent produced from these systems is typically at equilibrium with the gas phase which is often characterised by a high CH 4 partial pressure (50-75%) and results in production of anaerobic effluent rich in dissolved methane.
Multi-stage bubble column cross-flow cascades are often used for dissolved methane separation from contaminated water (e.g. for the treatment of landfill leachate), in which the bubble column provides contact between the dissolved methane laden anaerobic effluent and a 'sweep gas'. The driving force for separation is provided by the sweep gas which introduces a concentration gradient at the gas-liquid interface [1] . High gas-to-liquid ratios of 10:1-15:1 are typically employed to ensure that the air phase does not restrict mass transfer and that the off-gas phase is well below the lower explosion limit for methane (around 5% v/v), which subsequently yields an off-gas methane concentration of less than 0.028% [2] . Whilst this is satisfactory for safe direct venting of the separated methane to atmosphere, this is substantially below the gas phase methane concentration of around 35% v/v that is required if the recovered methane is to be reused for conversion to electricity [3] . Cookney et al. (2012) identified that over 50% of the methane produced during the anaerobic treatment of municipal wastewater was dissolved in the reactor effluent thus the recovery of dissolved methane in sufficient concentration for reuse is critical to enhancing overall energy production capacity from anaerobic wastewater treatment and to diminish the respective carbon footprint through limiting the fugitive release of methane [4] , which is 21 times more potent than carbon dioxide (CO 2 ) as a greenhouse gas (GHG) [5, 6] .
In principle, the high volatility of methane (H dimensionless , 28.41) indicates that a considerably lower G/L ratio, than previously used in bubble columns, can be employed for the separation of where Q G and Q L are sweep-gas and liquid flow rates, c in and c out are the inlet and outlet liquid phase concentrations and H is the dimensionless Henry's constant. To illustrate, the theoretical minimum gas-to-liquid ratio required to achieve 90% dissolved methane removal is G/L 0.032, suggesting an achievable methane concentration of 47% in the sweep gas, which is above the threshold required for conversion to electricity. However, it is generally recognised that a G/L ratio 3.5 times higher than the minimum G/L is required in bubble column aerators to avoid gas phase controlled operation which can restrict mass transfer [8] .
Hollow fibre membrane contactor (HFMC) technology promotes the same desorption mechanism to bubble column aerators. However, the hydrophobic micro-porous membrane facilitates non-dispersive contact between the liquid and gas phases, enabling the methane to diffuse through the gas filled pores [9] . Consequently, similar removal efficiencies to bubble column aerators have been observed with HFMC but at considerably lower gas-to-liquid ratios [10] therefore providing a potential route to enhancing the methane concentration in the recovered gas phase. Whilst this specific advantage over conventional technology has been characterised, very few studies to date have focussed on concentrating the stripped solute within the recovered gas phase. Cramer et al. first studied the application of hollow fibre membranes for dissolved methane separation as an in-situ method for methane recovery from a coal seam [11] . Through semi-empirical modelling, the authors estimated that a gas phase concentration of up to 97% CH 4 was achievable when dissolved methane was saturated at a pressure of 1.05 Â 10 3 kPa which is markedly above the partial pressures observed in typical environmental applications. Bandara et al. employed vacuum instead of sweep gas as the driving force when studying the application of a non-porous polyethylene composite hollow fibre membrane for the recovery of dissolved methane from the effluent of an anaerobic reactor treating low strength wastewater [12] . A CH 4 composition in the gas phase of around 20% was identified although it was asserted that CH 4 composition was underestimated due to air ingress into the dissolved gas collection line. Whilst their study importantly demonstrated the potential for dissolved methane recovery, the use of non-porous membranes is known to limit mass transfer [1, 9] necessitating residence times for degassing of up to 9.2 h which are practically constraining [12] . In this study, a commercially available hydrophobic micro-porous hollow fibre membrane contactor is therefore used which has been shown to enable dissolved methane recovery within residence times of 1.5-12.5 s [1] . Vacuum can also be applied as the driving force for degassing with micro-porous HFMC, however, the necessary vacuum pressures can promote pore wetting which noticeably reduces gas transport across the micro-pores and hence diminishes mass transfer [13] . Consequently, in this study, sweep-gas is used to provide the driving force. This therefore represents the first examination of sweep-gas to recover dissolved methane at sufficient concentration in the gas phase for use in the production of renewable energy. Specific objectives are to: (i) determine the limiting effect of a reduction in gas-to-liquid ratio on dissolved methane removal efficiency; (ii) determine the hydrodynamic boundary conditions that govern methane concentration in the gas phase; and (iii) establish whether gas side methane purity (sufficient for reuse) is practicably attainable. [14, 15] which was confirmed through subsequent analysis. Upon saturation the liquid was fed to the lumen-side of the HFMC (Liqui-Cel s 1.7 Â 5.5 MiniModule s , Membrana GmbH, Germany) using a peristaltic pump (520, Watson-Marlow Pumps, Fig. 1 . Schematic of the membrane degas apparatus, including liquid saturation aspirator, sweep gas generation equipment and degassing membrane module (HFMC).
Materials and methods

Equipment setup and operation
UK). The HFMC comprised 7400 polypropylene (PP) fibres possessing nominal inner diameters (ID) of 220 μm, outer diameters (OD) of 300 μm, a mean pore size of 0.03 mm and 40% porosity. An active length of 0.113 m was determined from the total surface area of 0.58 m 2 given by the manufacturer based on the fibre ID.
Fibres were potted in polyurethane within a polycarbonate shell, with a diameter of 0.0425 m, resulting in an average packing fraction (θ) of 0.369. N 2 sweep gas was produced from compressed air using a nitrogen generator that was then regulated to below 1 bar(g) and fed through the HFMC shell counter-currently to the liquid. Sweep gas flow rate was controlled using a needle valve and measured before and after the HFMC by a variable area flow metre (Key Instruments, USA).
Sampling and analysis
Luer lock fittings were installed in the liquid line upstream and downstream of the HFMC to enable direct liquid sample collection without sample exposure to atmosphere. Samples were collected in evacuated vials (Vacutainer, Becton Dickinson and Company, USA). The reduced pressure in the vials allowed collection of the liquid samples, leaving a small headspace above the liquid upon equilibration to atmospheric pressure. Liquid samples were agitated for 7 minutes (maximum speed, Multi Reax, Heidolph, Germany), and left to equilibrate overnight. The resultant dissolved phase concentrations were calculated based on the modified method of Alberto et al. (2000) [16] . Headspace gas samples were analysed using a gas chromatograph fitted with a thermal conductivity detector (200 Series, Cambridge Scientific Instruments Ltd., UK). The GC-TCD was also used to confirm accuracy of the CH 4 and CO 2 mass flow controller's factory calibrations. Calibration of the GC-TCD was undertaken using certified gas standards (Scientific Technical Gases Ltd., UK) prior to each analysis, where the lowest standard (1% CH 4 ) represented the effective limit of detection. Methane contained within the sweep-gas was measured using an in-line infra-red biogas analyser sited downstream of the HFMC (Yieldmaster, Bluesens gas sensor GmbH, Herten, Germany). The recorded value represented an average of 5 consecutive data points; the measurement range was 0-100% volume CH 4 with an accuracy of 0.2% of full scale.
Mass transfer and minimum G/L calculations
The liquid phase mass transfer coefficient was determined using [17] :
where k L is the mass transfer coefficient (m s
), d is the single membrane fibre ID, n is the number of fibres, L is the active length, c CH4, in and c CH4, out are the dissolved methane concentrations in and out of the HFMC respectively (mg m À 3 ), Q L and Q G are liquid and gas flow rates respectively (m 3 s À 1 ) and H is the dimensionless Henry's constant. As liquid was processed on the lumen-side, the Graetz-Lévèque solution was employed to estimate Sherwood number (Sh) [18] : ) and Gz is the dimensionless Graetz number. Reynolds number (Re) of the fluid (either the liquid or gas phase) was determined by:
where ρ is the fluid density (kg m The characteristic length (d, m) was provided by the hollow fibre inner diameter for water transport in the lumen-side, whereas for shell-side transport, the wetted perimeter was used [18] .
Results
Dissolved methane removal efficiency
Dissolved methane removal efficiency exceeded 90% at the lower liquid flow rates (Q L ) of the Q L range tested, when sweep gas flow rates (Q G (Fig. 2) . However, as liquid flow rate was in- , dissolved methane removal efficiency declined to between 50% and 60%. Comparison of removal efficiency data at each of the fixed Q G evaluated demonstrated that as Q G was lowered, a reduction in dissolved methane removal efficiency was observed. This reduction in removal efficiency was exacerbated at Q G 1. Dissolved methane removal efficiency data was re-evaluated to enable comparison to the minimum theoretical gas to liquid (G/L) ratio that is required to achieve the specified dissolved methane removal efficiency (Fig. 3) , dissolved methane removal efficiency declined from 86% to 66% as G/L was reduced from 0.5 to 0.25.
Dissolved methane mass transfer analysis
Experimental data was characterised in the dimensionless form of the Sherwood number (Eq. (2)) to represent the ratio of the rate ) using a HFMC.
of mass transfer to the rate of diffusive mass transport (Fig. 4) . ), mass transfer was independent of Re liquid , remaining relatively constant across the hydrodynamic boundary conditions tested (Re liquid , 2-11). The Graetz-Lévèque analytical solution, which provides an approximate solution for tube side mass transfer, was compared to experimental Sh data (Fig. 5) . Whilst the solution is generally only valid for Gz4 20, the solution provided reasonable description of experimental data at Gz numbers exceeding 10 as has been observed previously [25] .
Methane concentration in the recovered gas phase
Methane purity within the recovered gas phase was investigated by varying Q G (1.7 Â 10 (Fig. 6 ). In general, for a fixed Q L , the highest gas phase methane purity was observed at the lowest Q G used. Furthermore, at low gas flow rates, the methane purity was further enhanced at higher Q L . Consequently, the highest gas phase methane concentration was recorded when hydrodynamic conditions were fixed to the highest Q L and lowest Q G which corresponds to a low G/L ratio (Fig. 7) . Interestingly, mass balance of the liquid phase dissolved methane removal data generally under-predicts the gas-phase CH 4 concentration (dashed line), with under-prediction of gas-side methane purity being particularly evident at the lower G/L range.
Discussion
The significant finding in this study was that dissolved methane could be recovered into the gas phase in sufficient concentration for reuse. To illustrate, the sweep gas comprised a methane concentration within the lower and upper flammable limits (5-15%), and at the lowest G/L ratios examined, the recovered gas-phase exceeded the upper flammable limit which ) upon out-gas CH 4 purity for fixed values of Q L . Also presented is the estimated CH 4 purity based on mass balance of the dissolved methane removal data (dashed line).
demonstrates that is practically suitable for use in modern microturbines applied to electricity production [3] . Methane purity was enhanced in the gas phase through two primary mechanisms: (i) an increase in liquid velocity which improved dissolved methane mass transfer into the gas phase; and (ii) a reduction in gas flow which lowered dilution from the receiving gas phase. Gas phase methane purity can therefore be best enhanced through combination of both mechanisms, which was evidenced in this study through a reduction in the G/L ratio (Fig. 7) . Interestingly, the measured methane purity was higher than estimated based on mass balance of the recovered methane into the receiving nitrogen sweep-gas and was exacerbated at low G/L ratios (dashed line, Fig. 7) . Ahmed et al. used composite hollow fibre membranes to provide bubbleless aeration into water by supplying pure oxygen in the fibre lumen [19] . The authors described how dissolved gases such as nitrogen already present in the receiving water diffused back into the gas phase within the lumen due to a high nitrogen concentration gradient between the initially pure oxygen gas phase and the initially nitrogen saturated liquid phase. This counter-diffusion of nitrogen in to the gas phase proceeded until equilibrium was reached between the liquid and gas phases. In this study, the reverse of this mechanism is plausible since oxygen and methane share similar transport properties in water. The sweep gas used was initially 100% nitrogen whilst the initial water phase was saturated by CH 4 and CO 2 (i.e. zero dissolved nitrogen), creating a sizeable nitrogen concentration gradient between liquid and gas when interfaced by the membrane. Consequently it is asserted that the higher than expected CH 4 concentration in the final gas phase in this study can be explained by this nitrogen concentration gradient, which promoted the counter-diffusion of nitrogen from sweep gas into the water phase and subsequently enhanced CH 4 purity in the residual gas phase.
Dissolved methane removal efficiency of greater than 97% was demonstrated with the microporous HFMC. In a recent study, Cookney et al. [1] compared mass transfer coefficients estimated from dissolved methane recovery experiments with an analogue and an anaerobic MBR permeate and identified close parity between the two fluids, which evidences the potential for data translation into real wastewater application [1] . Whilst for a fixed gas flow rate, an increase in liquid velocity decreased removal efficiency, a simultaneous increase in mass transfer was observed. Similar behaviour was reported by Heile et al. during the absorption of CO 2 with a HFMC and can be ascribed to the higher concentration gradient that was sustained at the liquid-membrane interface when operated at the higher V L [9] . Whilst this behaviour is indicative of liquid phase controlled mass transfer, a decrease in gas flow rate from 1.67 Â 10 À 4 to 1.67 Â 10 À 6 m 3 s À 1 at a fixed liquid flow rate diminished mass transfer by 22% (Table 1) ; and as gas flow rate was reduced to the lowest flow rate tested (Q G 1.7 Â 10 À 7 m 3 s À 1 ), this effect was exacerbated and Sh became independent of Re liquid (Fig. 4) . Cookney et al. suggested that dissolved methane mass transfer is non-limited when sweep gasflow rate is in excess of the theoretical G/L minimum [4] . However, it is asserted that the reduction in mass transfer observed in this study following a reduction in gas-flow rate is due to the onset of gas phase controlled mass transfer and was identified at G/L considerably higher than the theoretical G/L minimum . The early onset of gas-phase control can be attributed to poor shell-side dispersion caused by the relatively high HFMC packing density used (θ 0.37). Such behaviour was identified by Yang and Cussler during the desorption of oxygen from water [18] . Zheng et al. demonstrated mal-distribution of shell-side flow through modelling when θ exceeded 0.3 whereas other authors have evidenced strong data correlation at lower packing factions between 0.26 and 0.03 [20] . Use of a lower packing fraction, or addition of shell-side baffling such as that employed within full-scale HFMC modules to ameliorate dispersion limitations [21] , should enable operation closer to the minimum G/L ratio, benefitting both mass transfer and gas-side methane purity (Table 1) . To achieve carbon neutrality, over 88% of the dissolved methane has to be recovered from the wastewater for reuse in energy production ( Table 2) . At high sweep gas flow rates (high G/L ratios) the dissolved methane removal efficiency demonstrated by the microporous HFMC exceeded this threshold within retention times of between 3.3 s and 22.9 s. However, the methane purity needed for reuse requires operation at low gas flow rates which restricted mass transfer and introduces a trade-off between the usability of the recovered gas phase and the dissolved methane removal efficiency of a single stage HFMC (Fig. 8) . Vallieres and Favre suggested that vacuum may be more favourable when gas phase purity is important as vacuum obviates dilution [22] . Bandara et al. and Cookney et al. both used vacuum and were able to Table 1 Impact of reduction in sweep gas flow on liquid phase mass transfer coefficient. achieve a methane concentration of up to 27% in the recovered gas phase (Bandara et al.) with the authors indicating that higher concentrations were achievable [4, 12] . However, low operating vacuum pressures are necessary to ensure that vacuum does not impose gas phase controlled mass transfer. To illustrate, Ito et al. achieved 17% dissolved oxygen removal at a vacuum pressure of 52 kPa which increased to 80% when vacuum was increased to 4 kPa [23] . This is analogous to the effective operating vacuum pressure reported by Cookney et al. for dissolved methane removal from wastewater which is energetically constraining and when applied to microporous HFMC, such vacuum pressures are also likely to promote pore wetting [4] . Importantly, in this study, a microporous HFMC operated in sweep-gas mode has been demonstrated to recover methane in usable form using only short residence times which establishes the practical viability of recovery. Both the treatment objective (i.e. greater than 88% removal efficiency) and the recovery of methane for reuse can be achieved under gas phase controlled conditions through placing HFMC in series which has been shown to remain economically viable despite the increase in pressure drop and necessary membrane area [1] .
Conclusions
In this study, a micro-porous hollow fibre membrane contactor operated in sweep-gas mode has been shown to enable the recovery of dissolved methane at sufficient gas concentration to be reused in energy production. At high sweep-gas flow rates, up to 97% dissolved methane removal efficiency is achieved and mass transfer could be regarded as liquid phase controlled. Above 88% dissolved CH 4 recovery can be regarded as carbon neutral electrical generation (Table 2 ). Carbon neutrality is achieved when the fugitive emission of CH 4 (23 CO 2 equivalents [24] ) to the atmosphere is sufficiently reduced (in this case by dissolved CH 4 recovery in the HFMC) that the CO 2 equivalents (CO 2 eq.) associated with grid electricity are fully offset by substitution for electricity generated by combustion of the renewable biogas. Methane composition in the recovered sweep-gas was primarily controlled by an increase in liquid velocity which improved dissolved methane mass transfer into the gas phase and a reduction in gas flow which lowered dilution from the receiving gas phase. However, as the gas-liquid ratio was lowered to improve gas-side methane purity, mass transfer became increasingly gas-phase controlled. Whilst the resultant reduction in removal efficiency can be compensated for by extending path length (i.e. more than one module in series), the gas-phase controlled conditions encountered in this study were also a product of poor shell-side dispersion rather than an approach toward the limiting theoretical gas-to-liquid ratio, which implies that further optimisation can be ascertained through membrane contactor design. Importantly, this study demonstrates that micro-porous hollow fibre membrane contactors provide a compact process for recovery of dissolved methane in sufficient concentration for re-use.
